The Alpine orogen formed as a result of the collision between the Adriatic and European plates. Significant crustal heterogeneity exists within the region due to the long history of interplay between these plates, other continental and oceanic blocks in the region, and inherited crustal features from earlier orogenies. Deformation relating to the collision continues to the present day. Here, a seismically constrained, 3-D structural and density model of the lithosphere of the Alps and their respective forelands, derived from integrating numerous geoscientific datasets, was adjusted to match the observed gravity field. It is shown that the distribution of seismicity and deformation within the region correlates well to thickness and density changes within the crust, and that the present-day Adriatic crust is both thinner and denser (22.5 km, 2800 kg m −3 ) than the European crust (27.5 km, 2750 kg m −3 ). Alpine crust derived from each respective plate is found to show the same trend, with zones of Adriatic provenance (Austro-Alpine unit and Southern Alps) found to be denser and those of European provenance (Helvetic zone and Tauern Window) to be less dense. This suggests that the respective plates and related terranes had similar crustal properties to the present-day ones prior to orogenesis. The model generated here is available for open-access use to further discussions about the crust in the region.
Introduction
The Alps are one of the best-studied mountain ranges in the world, yet significant unknowns remain regarding their crustal structure and links that may exist between the localisation of deformation and seismicity in the region and crustal heterogeneity. Significant amounts of seismicity and deformation correspond to plate dynamics, such as at the convergence of the European and Adriatic plates in north-east Italy (Restivo et al., 2016) where the Adriatic plate is observed to act as a rigid indenter, moving northwards and rotating anticlockwise against the weaker European plate (Nocquet and Calais, 2004; Vrabec and Fodor, 2006; Serpelloni et al., 2016) . However, numerous large historic seismic events (Fäh et al., 2011; Stucchi et al., 2012; Grünthal et al., 2013) , such as the magnitude 6.6 Basel earthquake in 1356 CE, lie substantially intra-plate in areas with low amounts of horizontal surface strain (Sánchez et al., 2018) suggesting that possible inherited features within the crust are also significant factors to their localisation.
Crustal heterogeneities in the European plate, constituting the northern foreland of the Alps, principally derive from different terranes that collided during the Carboniferous age Variscan orogeny (Franke, 2000) . Collision during orogenesis resulted in the juxtaposition of crustal domains with differing properties next to one another, such as the Moldanubian and Saxothuringian zones (Babuška and Plomerová, 1992; Freymark at al., 2016) , and also resulted in the creation of the Vosges, Black Forest, and Bohemian massifs. The locations of all relevant tectonic features within the region can be found in Fig. 1a .
As a consequence of the collision of the Adriatic plate with the European plate from the Cretaceous until the present (Handy et al., 2010) , heterogeneity within the Alpine orogen is also very pronounced; however, different interpretations exist on the plate provenance of some features. Traditionally, the Alps have been split into distinct zones according to their plate of origin and metamorphic history, such as the Adriatically derived Austro-Alpine unit and Southern Alps, the European-derived Helvetic Alps, and the Penninic zone representing distal margin units and slivers of oceanic crust (Schmid et al., 1989) . The Briançonnais crustal block that lies within the Penninic zone derives from the Iberian plate (Frisch, 1979) . More recent work examining the plate provenance of Alpine zones has reinterpreted some features such as the Tauern Window from having a Penninic origin to a European plate one .
Density distribution throughout the lithosphere of the region is also affected by mantle features and sedimentary depocentres. The three main depocentres within the region are the Po Basin of the southern foreland, the Molasse Basin of the northern foreland and the Upper Rhine Graben, also within the northern foreland, that formed as part of the European Cenozoic Rift System in the Eocene (Dèzes at el., 2004) . Anomalously high densities within the crust are present in the Western Alps, in the Ivrea Zone, and along its subsurface continuation to the south to the Ligurian Sea, as a result of a south-east-dipping mantle wedge, where mantle and lower-crustal rocks are present at upper-crustal depths (Zingg et al., 1990) and even at the surface (Pistone et al., 2017, and references therein) .
Previous published interpretations of crustal features within the orogen have been primarily based upon 2-D seismic sections (e.g. Brückl et al., 2007) , tending to result in simple models. However, lateral differences in crustal structure have been demonstrated, even at short wavelength, for example through the deployment of parallel seismological profiles, spaced 15 km apart across the Eastern Alps (Hetényi et al., 2018a) , indicating the need for more complex models. Studies that have integrated multiple geoscientific datasets to create 3-D models of the region have either focussed on smaller subsections of the Alps (Ebbing, 2002; Ebbing et al., 2006) or included the Alps as part of a much larger study area (e.g. Tesauro et al., 2008) . Therefore the generation of a 3-D, crustal-scale, gravity-constrained, structural model of the Alps and their forelands at an appropriate resolution could be used to more accurately describe crustal heterogeneity in the region. The generation of such an Alpine-wide specific model is made possible by the existence of seismological results from numerous published deep seismic surveys (e.g. IESG and ETH Zuerich, 1981; Gajewski and Prodehl, 1985; Yan and Mechie, 1989; Ye et al., 1995; Brückl et al., 2007) that have been completed throughout the region and avail-able high-quality global gravity field models (e.g. Förste et al., 2014) . Within this current work, such data are integrated in a common frame to give insights into the distribution of densities within the crust as constrained by 3-D gravity modelling across the vast majority of the Alpine region and its forelands for the first time, so that questions about the relationship between the distribution of densities within the crust and seismicity and deformation patterns can be addressed.
Input data
Existing geological and geophysical observations from previous published work about the Alps and their respective forelands were used as constraints for the generation of the 3-D structural model. Topography and bathymetry were utilised unaltered from ETOPO1 (Amante and Eakins, 2009) , as shown in Fig. 1a . The data integrated to constrain subsurface lithospheric features are shown in Fig. 1b and include regional-scale, gravitationally and seismically constrained models of the TRANSALP study area (Ebbing, 2002) , the Molasse Basin (Przybycin et al., 2014) and the Upper Rhine Graben (Freymark et al., 2017) ; regional-scale, seismically constrained models of the Po Basin, such as MAMBo (Turrini at al., 2014; Molinari et al., 2015) ; and seismic reflection or conversion depths and their associated P wave velocity from projects such as ALP'75, EGT'86, TRANSALP, ALP 2002, and EASI (IESG, 1978; IESG and ETH Zuerich, 1981; Strößenreuther, 1982; Mechie et al., 1985; Zucca, 1984; Prodehl, 1985, 1987; Deichmann et al., 1986; Yan and Mechie, 1989; Zeis et al., 1990; Aichroth et al., 1992; Guterch et al., 1994; Ye et al., 1995; Scarascia and Cassinis, 1997; Enderle et al., 1998; Bleibinhaus and Gebrande, 2006; Brückl et al., 2007; Hetényi et al., 2018a) . The Lithosphere-Asthenosphere Boundary (LAB) was utilised unaltered from Geissler (2010) , which was obtained by S receiver functions of teleseismic events.
Constraining data coverage for most subsurface lithospheric features was sufficient; however, thicknesses of unconsolidated sediments were not available across the full modelled region. In regions of less dense data coverage, continental-scale, seismically constrained, integrative bestfit models EuCRUST-07 and EPcrust (Tesauro et al., 2008; Molinari and Morelli, 2011) were also used. Both models provided complete coverage of major structural interfaces and P wave velocities over the whole modelled area at a coarse resolution. Detailed values of unconsolidated sediment thicknesses were only available for the Upper Rhine Graben, the Molasse Basin, and the Po Basin, as the seismic sections utilised lacked the resolution for shallower features and the continental-scale models did not differentiate between sedimentary strata. Input data source extents: Upper Rhine Graben gravity-constrained model (Freymark et al., 2017) ; Molasse Basin gravity-constrained model (Przybycin et al., 2015) ; TRANSALP gravity-constrained model (Ebbing, 2002) ; Po Basin seismically constrained models (Turini et al., 2014; Molinari et al., 2015) ; and seismic sections (IESG, 1978; IESG and ETH Zuerich, 1981; Strößenreuther, 1982; Mechie et al., 1983; Zucca, 1984; Prodehl, 1985, 1987; Deichmann et al., 1986; Yan and Mechie, 1989; Zeis et al., 1990; Aichroth et al., 1992; Guterch et al., 1994; Ye et al., 1995; Scarascia and Cassinis, 1997; Enderle et al., 1998; Bleibinhaus and Gebrande, 2006; Brückl et al., 2007; Hetényi et al., 2018a ).
The free-air anomaly used was calculated from the global gravity model EIGEN-6C4 using the ICGEM calculation service (Förste et al., 2014; Ince et al., 2019) , at a fixed height of 6 km above the datum (Fig. 2 , further referred to as observed gravity). As the gravity data source is a hybrid terrestrial and satellite dataset, the potential exists for it to be lacking some of the short wavelength response that a fully terrestrial dataset would possess. The fixed height of 6 km was utilised to account for this, so that the vertical component of the gravity response from the generated regional structural model (further referred to as calculated gravity) and observed gravity can be directly compared during the gravity modelling process.
Method
Data from numerous existing geoscientific datasets (see "Input data" section) were integrated to create a gravityconstrained, 3-D, structural and density model of the lithosphere of the Alps and their respective forelands. The study area of this work, indicated in both Figs. 1a and b, focuses on a region of 660 km × 620 km where the highest density of constraining data coverage was compiled. The vast majority of the Alps and their forelands are included, with the Central and Eastern Alps and the northern foreland being the bestcovered regions.
The software package Petrel (Schlumberger, 1998) was used for the creation and visualisation of the modelled surfaces in 3-D, representing the key structural and density contrasts within the region. These surfaces were (1) top water;
(2) top unconsolidated sediments; (3) top consolidated sediments; (4) top upper crust; (5) top lower crust; (6) top lithospheric mantle; and (7) top asthenospheric mantle. All surfaces were generated with a grid resolution of 20 km × 20 km using Petrel's convergent interpolation algorithm.
The above-mentioned model layers were generated by correlation and integration between data sources, with the exception of the following: (1) the water layer was generated from cropping ETOPO1 to 0 m a.s.l., and no freshwater bodies were added as they are too small to be of impact at the model resolution utilised; (2) the top unconsolidated sediment surface used in the modelling corresponds to topography and bathymetry, which is plotted in Fig. 1a; (3) as a result of unconsolidated sediment thicknesses from the data sources only being present in the Upper Rhine Graben, the Molasse Basin, and the Po Basin, outside of these regions a thickness of 0 was used (this was deemed acceptable because unconsolidated sediment thicknesses are not large enough as to be of impact at the model resolution, outside these regions); (4) the LAB was used unedited from the data source, in spite of its low resolution as it does not represent a significant density contrast. Alpine nappe stacks were included within the consolidated sediments layer of the model.
During correlation and integration, a hierarchy of data source types was used and in the case of contradiction between the different data sources, those of the highest hierarchy were accepted. The hierarchy was derived from the quality, resolution, and consistency of data sources and was as follows: (1) regional-scale, gravitationally and seismically constrained models; (2) regional-scale, seismically constrained models; (3) individual seismic reflection surfaces and interpreted sections; (4) continental-scale, seismically constrained, integrative best-fit models.
No subduction interfaces were modelled, as multiple studies within the region have shown that the effect of differ-ent subduction polarities as well as the presence or lack of subducting plates is small. Previous 2-D gravity modelling across the TRANSALP profile has demonstrated that the differences in gravity response between a model of both different subduction polarities and a model setup with no subducted crust were negligible (Deutsch, 2014). Lowe (2019) showed that the contribution of subducting slabs in the region to the gravity field is relatively small (in the range of 30 mGal).
The 3-D gravity modelling software IGMAS+ (Schmidt et al., 2010) was used, which operates by creating triangulated meshes between points on input surfaces and vertical parallel planes, around a body of homogenous density, to calculate their volumetric contribution to the gravity response. Gravity in the model was calculated at 6 km above the datum to be concurrent with the observed gravity. In this way, the short wavelength response of the calculated gravity was not overestimated as mentioned before. The top of the model was also set to a height of 6 km with a density of 0 used to represent the column of air between it and topography. To account for the edge effect of the gravity field, the model was extended by ∼ 50 % (330 km) in all horizontal directions of the stud-ied area using the surfaces from EuCrust-07 (Tesauro et al., 2008) .
The free-air gravity response was used because this work is focussed on the crustal composition of the Alpine region, and considering that up to 4.8 km of crust lies above sea level within the modelled area, removing this from the gravity signal was deemed unacceptable. Additionally, the complex geological setting of the Alps implies that the removal of Alpine topography as a Bouguer slab of homogenous density would potentially introduce errors.
The process of gravity modelling involved the modification of an initial 3-D structural model, comprising surface heights and densities, such that through multiple iterations the resulting model produced a gravity field similar to the observed one. Best practice of such an iterative process allows only one input parameter (density or surface heights) to be altered. Here, the surfaces generated as part of the integration work were not modified during the gravity modelling process as they were better constrained than the densities, leaving only density as a free parameter.
For the calculation of the densities used in the initial structural model, P wave velocities from seismic data sources were converted using the experimentally derived empirical relationship detailed in Brocher (2005) . In the absence of seismic data, P wave velocities from the continental-scale models listed in the "Input data" section were used to supplement this, giving coverage over the entire study area. Densities of 1025 and 3320 kg m −3 were assigned to the water layer and the asthenospheric mantle, respectively.
The densities derived from the P wave velocity conversions were then used in conjunction with densities from the input regional-scale, gravitationally and seismically constrained models, to split the layers of the generated model laterally into domains of different density, to reflect the heterogeneous nature of the crust within the region. During the generation of the model, preference was given to the resolution of major density contrasts. Consequently, units of known differing lithology, age, and/or provenance were grouped together, when they appeared to have a similar density to best fit the gravity in the region. An overview of the mean densities of each modelled body, derived from seismic P wave velocities, is presented in Table 1 .
To determine how well the structural model fits the gravity field in the region, the calculated gravity was subtracted from observed gravity during interactive modifications of the location of different domains within each layer and their densities, and the result (further referred to as residual anomaly) was interrogated. No filtering for specific wavelengths was done during gravity modelling, with the full signal being used. No presumptions were made about which tectonic features would require domains of different density, with their location ultimately derived from the gravity modelling process.
In the case of anomalies in the residual gravity field, the depth of the source was estimated to be half the width of the anomaly wavelength and the density of the body lying at that depth was increased for a positive residual anomaly or decreased for a negative residual anomaly. Successive iterations of the model were then generated by modifying the distribution of densities within the model layers. This was repeated until a 3-D structural density model of the region was obtained that best reproduces the indications of both the seismic data sources and the gravity field. Figure 3 shows a north-south cross section through the generated model illustrating the thickness of all main structural layers, the density domains defined within them, and the calculated and observed gravity of the section. The location of the cross section can be seen in Fig. 1a and is also marked on all figures illustrating the setup of the model.
Results
Our model indicates that more heterogeneity is required in the crust than in other model layers to replicate the gravity field and that significant differences exist between the crust of the European and Adriatic plates. Sedimentary thicknesses, both unconsolidated and consolidated, are thinner in the Molasse Basin than in the Po Basin and crustal densities and thicknesses also differ between the plates. Beneath the orogen itself, the result of incorporating all Alpine nappes within the consolidated sediment layer can be observed, with higher thicknesses beneath the central Alps. The whole crust is thickest below the central Alps and is compensated for by higher thickness and density of the lower crust. The observed gravity along with the calculated gravity of the model can also be observed, showing a good fit. Figure 4 shows the thicknesses of the layers of the generated model, which were created as a result of the correlation and integration work, with the areal extent of all density domains overlaid on top. An overview of the final density of all the bodies composing the model required to fit the gravity field can be found in Table 1 .
Both sedimentary layers shown in Fig. 4 reflect trends across the region previously identified along the cross section presented in Fig. 3 , with thicker and denser sediments in the Po Basin than in the Molasse Basin and large thicknesses of consolidated sediments in the central Alps (18 km) representing the Alpine nappe stacks. Maximum thicknesses of 9 and 12 km were used in the Po Basin for unconsolidated and consolidated sediments, respectively, whilst 6 and 9 km were used in the Molasse Basin. Thicknesses of 3.75 km unconsolidated sediments were used in the deepest part of the Upper Rhine Graben with consolidated sediment thicknesses of up to 3 km. In both of the sedimentary layers, separate density domains were necessary in the eastern Molasse Basin (2470 and 2680 kg m −3 ) and the Po Basin (2470 and 2700 kg m −3 ) that were denser than the sediments in the rest of the region (2450 and 2670 kg m −3 ). Table 1 . The density of each domain in the model calculated by converting from its mean P wave velocity using the empirical relationship detailed in Brocher (2005) and the density of all domains used in the final model of the region that best reproduce the indications of both the seismic data sources and the gravity field. Locations of each density domain can be found in Fig. 4 The European upper crust (domains 7-11 in Fig. 4c and Table 1 ) is thicker but has a similar density on average (20 km and 2700 kg m −3 ) compared to the Adriatic upper crust (12 km and 2700 kg m −3 ; domains 14, 15, and 17 in Fig. 4c and Table 1 ). The densities given for the Euro- The configuration of the European lower crust (domains 19 and 20 in Fig. 4c and Table 1 ) is of similar thickness but less dense on average (10 km and 2860 kg m −3 ) than the Adriatic (10 km and 2910 kg m −3 ; domains 21, 23 and 24 in Fig. 4c and Table 1 ). The lower-crustal Alpine root is thicker and denser (2950 kg m −3 and 34 km) than in the rest of the region. Density domains within the lower crust show less correspondence with known tectonic features than those in the upper crust. Of the domains in the lower crust only two correspond roughly to tectonic features: one to the Saxothuringian Variscan domain (2920 kg m −3 ) and the other to the Briançonnais Terrane (3100 kg m −3 ). A large region of simi- Fig. 4c and Table 1 ) and 2750 kg m −3 (domain 23 in Fig. 4c and Table 1) , respectively, and although necessary to fit the gravity anomaly, these values are similar to upper-crustal density values. The other density domains in the lower crust of the region have values that would be expected for this depth level. Figure 5 shows the depths of the Moho and LAB used in this work. The Moho is shallowest below the Ligurian Sea (20 km) but also shallow beneath the Ivrea Zone (22.5 km) and below the Upper Rhine Graben (25 km). It reaches its deepest point in the crustal root of the Alps at 55 km. The trends in Moho depth noted here correspond well to trends in the Moho map of Spada et al. (2013) . However the minimum (Ivrea Zone: 12 km) and maximum (Alpine crustal root: 60 km) depths of the Spada et al. (2013) Moho are more extreme and likely represent more local values than those used in this work. Additionally, our integrated Moho does not contain large vertical steps (28 km in the Northern Apennines) between defined plate domains, such as in the Spada et al. (2013) Moho as these would create large density contrasts within the 3-D model that would present severe difficulties when trying to fit the observed gravity in the region.
From the gravity modelling process it was found necessary to have variation in the density of the lithospheric mantle and that the regions of different density correspond to different thicknesses of the lithosphere (Geissler et al., 2010) . Broadly, the lithosphere is thinnest and least dense to the north-west of the region (70 km and 3305 kg m −3 ) whilst being thickest and densest to the south-east (140 km and 3335 kg m −3 ) below the Adriatic Sea. The shallowing of the LAB below the Alps could correspond to the boundary between the Austro-Alpine unit and Helvetic-Penninic Alps.
The observed gravity in the modelled region is visible in Fig. 2 , while the calculated gravity response is shown in Fig. 6 . The residual anomaly can be observed in Fig. 6 demonstrating the good fit achieved by the generated structural model. Almost all of the modelled area reproduces the observed gravity to ±25 mGal with the exception of a couple of isolated regions where the misfit between observed and calculated gravity slightly exceeds that value. As the polarity of both anomalies indicates that less density is required to fit the gravity field, they correspond to Moho highs and their wavelength would suggest the top surface of the Moho as the source of the anomaly. The anomalies likely stem from isolated Moho depths that are slightly too shallow. As crustal densities were not the source of these anomalies and surface heights remained fixed during the modelling process, no changes were made to account for these anomalies so that a more representative density configuration of the regional crust could be calculated.
The thickness and average density of the modelled crust throughout the region are shown in Fig. 7 . The lateral variation in average density is obtained as a weighted average calculated from the thicknesses and densities of the upper crust and the lower crust at every point in the model. Overall Fig. 1a caption) . the crust is thicker and less dense on average in the European plate (27.5 km and 2750 kg m −3 ) compared to the Adriatic (22.5 km and 2850 kg m −3 ). The thickest crust corresponds to the crustal root of the Central Alps (55 km). Areas of thinned crust are found below the sedimentary depocentres of the Po Basin and the Upper Rhine Graben, which can additionally be seen extending south and west of its surface location; however, the crust does not appear significantly thinned beneath the Molasse Basin. Whilst the Adriatic crust is denser on average than the European crust, it has more extreme density variations within it, such as a modelled lowdensity crust in the north of the Adriatic indenter that coincides with the Veneto-Friuli plain (2700 kg m −3 ), immediately adjacent to much denser crust lying to the south below the Adriatic Sea (2900 kg m −3 ). Density contrasts within the crust correlate spatially with the locations of some Alpine zone boundaries as defined in the literature (Schmid et al., 1989 . The Briançonnais Terrane can be seen as a higher-density block contrasting with the rest of the zones that surround it. The Southern Alps can also be identified as a dense block, with its borders to the Briançonnais Terrane and the Austro-Alpine zone clearly defined in the east of the modelled region. The Tauern Window can also be clearly identified as a relatively lower-density zone within the Austro-Alpine zone. Fig. 1a caption) . Figure 8 also shows the thickness and average density of the modelled crust but additionally shows their correspondence with large earthquakes and ongoing surface deformation. The thickness of the crust is overlaid with present-day vertical displacement rates (Sternai et al., 2019) in Fig. 8a , and the average density of the crust is overlaid with presentday horizontal surface strain distribution (Sánchez et al., 2018) , earthquakes of a moment magnitude of 6 or larger (Fäh et al., 2011; Stucchi et al., 2012; Grünthal et al., 2013) , and the location of modelled upper-crust domain boundaries in Fig. 8b , so that relationships between crustal features and recent deformation and seismicity can be interrogated.
Within the Alps a strong correlation exists between the thickness of the crust and vertical displacement rates at the surface. Regions of modelled thickened crust correspond to high positive rates of vertical displacement. Regions of thinned crust, such as the Po Basin and the Upper Rhine Graben, were found to correspond to negative vertical displacements. Differing rates of vertical displacement can also be observed in the western Molasse and eastern Molasse Basin, with the west uplifting and the east subsiding. The transition between these two behaviours in the Molasse Basin corresponds to the boundary of the modelled density domain boundaries in the sedimentary and upper-crustal layers, separating the denser eastern region of the basin and the less dense western portion of the basin.
Among regions with a pronounced change in the density of the crust, such as the plate boundary between the Adri-atic plate and the Southern Alps, there is coincidence with large earthquakes (Fig. 8b) . Whilst not every large earthquake corresponds to a contrast in the average density of the crust, they all correspond to the location of density domain boundaries within the upper crust as defined in the generated model. Horizontal surface strain distribution also corresponds to the location of density domain boundaries within the upper crust as defined in the model, with the direction of maximum horizontal strain predominantly perpendicular to the domain boundaries.
Discussion

Alpine zone provenance
Differing methods of classifying the Alpine zones have been adopted over time; however, the results presented here would support work that utilises tectonic reconstructions and constrain zones based on the plate the crust originated from (e.g. Schmid et al., 2004) . Crust derived from different terranes could potentially be assumed to have differing properties such as density, and from the model produced in this work, that is found to be the case. From the results, correlation can be observed between zones of different density in the model and Alpine zones as defined by tectonic reconstructions and paleogeography, such as the dense Briançonnais Terrane and Southern Alps and the less dense Tauern Window. (Sternai et al., 2019) . Dotted black lines indicate isolines of the vertical displacement rates in millimetre per year. (b) Average density of the crust across the modelled area overlaid with geodetically derived horizontal surface strain distribution (Sánchez et al., 2018) and seismic events of a moment magnitude larger than 6 (Fäh et al., 2011; Stucchi et al., 2012; Grünthal et al., 2013) . Bar orientation indicates orientation of maximum surface strain. Dotted black lines indicate the upper-crust density domains of the final structural and density model. Regions where the overlaid data were not available have been whited out in both figures. Locations of key tectonic features are overlaid for both figures (abbreviations shown in Fig. 1a caption) .
As no density domain geometries were predefined during the modelling stage, the correlation of these domains within the generated model to known features adds validity to the generated model. However, caution should be exercised with the exact location of domain boundaries due to many geological cross sections (e.g. Schmid et al., 2004) showing that tectonic domains cropping out at the surface are offset or not continuous at depth. As this was not possible to implement during the gravity modelling workflow, an offset is often present between features in the average crustal densities (Fig. 7c ) and the location of the associated feature at the surface. Two examples of this are in the north of the Briançonnais Terrane and the Tauern Window, suggesting these features have subsurface geometries that differ from their surface expression. Nevertheless the bulk average densities allow for the location of density distinct tectonic features in the crust.
Additionally, Alpine zones of Adriatic provenance were found, in general, to be denser than those of European provenance, a trend also noted in the present-day densities of the Adriatic and European crusts, potentially indicating that prior to orogenesis this was also the case. Alpine zones derived from Adriatic continental crust such as the Austro-Alpine unit and Southern Alps appear denser, in general, than the Helvetic zone, derived from the European continental crust, and Tauern Window. The Briançonnais Terrane derives from neither Europe nor Adria and appears as such in our model, as the region of highest density in the area. These observations are consistent with the interpretation that the provenance of crust within the Alps can potentially be indicated by its properties, such as density, implying that as the Alpine zones were emplaced at different times during orogenesis, the respective plates prior to orogenesis could have had similar crustal properties to the present-day ones.
Regions in the generated model exist with similar provenance and differing densities, indicating that factors other than provenance would also influence their densities. This is exemplified by the Helvetic and Penninic Alps, both deriving from the European plate, which possess a boundary between them that corresponds to an average crustal density contrast. Additionally, some expected boundaries between crusts of different provenances are obscured by other elements of the model. The transition from the European, Helvetic, and Peninnic to Adriatic Austro-Alpine units corresponds to the thickest area of the crustal root, where lower-crust percentages are much higher than upper-crustal ones, creating a re-gion of high-density crust in the model that masks the transition from European to Adriatic crust, when looking at average crustal densities.
Deformation and seismicity
The correlation between present-day horizontal surface deformation and large seismic events with density contrasts within the crust in the generated model would suggest the localisation of deformation along these features. Previous works have also shown correspondence between the localisaton of seismicity at density contrasts within the crust, such as at crustal block boundaries (Dentith and Featherstone, 2003) , providing further validity to our model. As we are working with a coarse-resolution crustal model to identify major features, we found it appropriate to compare it to a sparse seismic catalogue comprising only the largest (M>6) events allowing for a first-order identification of this correlation. Due to the complex structural nature of an active orogen it is difficult to relate seismicity purely to density contrasts in the crust at higher spatial resolution, as the interplay of faults and collisional processes plays a major role in localising seismicity (Serpelloni et al., 2016) , while a non-negligible part of earthquakes occurs away from known faults (Hetényi et al. 2018b ). However, due to the inherently different properties of crustal blocks of different provenance, it presents the likelihood that major faults and other structures likely to accommodate seismicity would form at the boundaries between these blocks.
All large seismic events in the region coincide with the modelled location of upper-crustal density domain boundaries; however, not all correlate with contrasts in the average density of the crust. This fact would suggest that within the Alps, upper-crustal density contrasts are a more likely location for the localisation of seismicity than lower-crustal ones. Observations of the occurrence of seismicity at depth within the Alps have shown that it is predominantly present within the upper crust (Deichmann, 1992; Serpelloni et al., 2016; Wiemer, et al., 2017) , supporting interpretations made from the derived model. However, regions exist within the model that have both average crustal density contrasts and uppercrustal density domain boundaries that do not coincide with seismic events, indicating that there are additional controlling factors to the localisation of seismicity.
Observations of the correlation between positive vertical displacement at the surface (Sternai et al., 2019) and thickened crust within the modelled region and negative vertical displacement and thinned crust also strengthen the validity of the model, with this behaviour expected due to isostasy. The crust is significantly thinned beneath the Po Basin of the southern foreland, while it is not in the Molasse Basin of the northern foreland, explaining the discrepancy in sedimentary thicknesses noted before. This could also indicate different driving mechanisms for the formation of either basin, with the Molasse Basin potentially lacking significant subsidence due to being formed predominantly through flexure and the Po Basin being formed through both flexural and active extensional processes. Alternatively the thinned crust below the Po Basin could purely represent an inherited crustal feature. Deriving the driving processes for the sedimentary basin formation within the region remains outside the scope of the present work; however, the accurate constraint of the thinned crust in these regions through the use of gravity provides the scope for this to be identified in future projects.
The results presented in this work indicate crustal properties that would support observations from previous works (Sternai et al., 2019) on the dynamics of the region. Whilst correlation can be observed between vertical displacement at the surface and thickened or thinned crust, some regions such as the Molasse Basin show a crust of similar thickness throughout but present a change in the polarity of surface vertical motion. The crustal densities of the model generated here would support this change, with the transition occurring at the boundary of density domains in the crust and the denser eastern portion exhibiting subsidence and the less dense western portion exhibiting uplift.
Previous works on the dynamics of the Adriatic plate show that it acts as a more rigid indenter than the European plate as it moves northwards rotating anticlockwise into it (Nocquet and Calais, 2004; Vrabec and Fodor, 2006; Serpelloni et al., 2016) . Our model shows that the Adriatic crust is denser than the European crust and seismic velocities are also higher in the Adriatic crust than in the European crust (e.g. IESG, 1978; IESG and ETH Zuerich, 1981; Strößenreuther, 1982; Scarascia and Cassinis, 1997; Bleibinhaus and Gebrande, 2006; Brückl et al., 2007) . Higher densities and velocities indicate an on average more mafic lithology for these domains, potentially suggesting that they may be stronger than the European crust. The properties of the plates, as modelled here, would suggest that in the present-day convergence of the Eastern Alps the denser Adriatic crust would subduct under the European crust, which fits with the subduction polarity identified in teleseismic tomographies (Lippitsch et al., 2003) and high-resolution receiver function analysis interpreted with other datasets (Hetényi et al., 2018a) . However, as stated by Kästle et al. (2019) , there is no consistent model of Alpine subduction; it is a complex system that has evolved over time with more influencing factors than plate densities alone. Gravity-constrained bulk average densities of the crust and lithospheric mantle in the region, however, provide strong constraints for future work to identify the nature of Alpine subduction.
Model uncertainty
Whilst the densities used in the final best-fit model often correspond very closely to those derived from the P wave velocities (Table 1) , there are exceptions. In general these are not of concern, such as the opposite tendencies of the more or less dense lithospheric mantles, as the modelled bodies Figure 9 . (a) Residual gravity (observed gravity-calculated gravity) of a test model with lower-crust densities for the Europe and north Adria domains set to values indicated directly from P wave velocities using conversion suggested by Brocher (2005) . (b) Difference in gravity residual between the best-fit model (Fig. 6b ) and the model shown in Fig. 9a . Lower-crustal density domains of the best-fit model are overlaid in black.
are large volumes of homogenous density that in the real world contain much more heterogeneity. The seismic velocities only provide a fraction of coverage through any of the bodies; therefore, it is expected that the density indicated by P wave velocity to density conversions will not accurately represent its bulk effect on the gravity field, and as such they have been used for initial indications of density and the final densities indicated through gravity constraint.
In the European and north Adriatic domains of the lower crust, however, values are more typical of upper crust, which requires more scrutiny. The sensitivity of the model to density alterations in these crustals has been demonstrated in Fig. 9 . There, a model run with lower-crustal densities in north Adria and Europe derived directly from P wave velocities to density conversions is shown. The density of the European lower crust has been raised from 2800 to 2890 kg m −3 , and the lower crust of north Adria has been raised from 2750 to 2990 kg m −3 . Figure 9a shows the residual gravity (calculated-observed) of this altered lower-crust model, and its difference to the residual of the best-fit model is shown in Fig. 9b .
The figure indicates that density changes in the lower crust ∼ 100-200 kg m −3 can affect the gravity field by up to 100 mGal and that using lower-crust densities indicated by the P wave velocity to density conversions in Europe and north Adria causes significant misfits. As mentioned previously, the only free parameter during the gravity modelling phase was density. With these low crustal densities required to fit the gravity field and the P wave velocity to density conversions from the upper-crust regions fitting so closely, the likely explanations are that either the lower crust in those regions is in fact of a low density or the lower crust is thinner than in the initial structural model, in turn allowing for a slightly denser lower crust. In either case the average density of the crust as presented in Fig. 8 would largely remain unchanged and these regions would still represent regions of low-density crust.
Although correlations are noted between lateral variation in density distribution in the crust and observations such as plate dynamics and the localisation of large earthquakes and recent deformation, the causes of these observations must be further investigated. Planned future modelling will look more closely at the features of the crust by creating thermal and rheological models to investigate the driving forces behind the observed correlations and potentially help to better explain trends noted in this work. Work is also progressing on constraining deeper structures in the region, such as the mantle, allowing for better constraints on crustal features in the future.
Although the generated model fits the observed gravity well across almost all of the modelled region, it represents a simplified version of the geology below the surface that is not able to account for all the complexity of the real world, and as such, inaccuracies within the model exist. Additionally, whilst the location of density domains in the model remains a non-unique solution, efforts were made to minimise errors by using seismic data and indications from previous modelling (see "Input data" section) to constrain the densities within each layer and density domain boundaries. Although these uncertainties cannot fully be accounted for, by only dealing with features and trends appropriate to the scale of the model, they are severely mitigated. At the scale of the Alps and their forelands as described in this work, irrespective of localised changes to surface heights or densities, the overall trends identified would not be altered.
Conclusions
By creating the first gravity-constrained, 3-D structural and density model of the lithosphere focussed on the Alps and their respective forelands, insights were gained into the distribution of densities at depth within the crust. The findings suggest that the present-day Adriatic crust is both thinner (22.5 km) and denser (2800 kg m −3 ) than the European crust (27.5 km, 2750 kg m −3 ). Crust derived from different terranes was also found to have significantly different densities with Alpine zones of Adriatic provenance. The Austro-Alpine unit and Southern Alps were found to be denser and those of European provenance such as the Helvetic zone and Tauern Window to be less dense, indicating the respective plates prior to orogenesis may be assumed to have had similar crustal properties to the present day.
Our modelled anomaly showed a good fit to the observed gravity with maximum misfits of around ±25 mGal across the whole region. It was further validated by density domains defined in the model corresponding to known tectonic features, large earthquakes corresponding to crustal density contrasts, and surface vertical displacements corresponding to crustal thicknesses. The causes of these observations and correlations cannot be explained solely from the results of this work. Therefore, planned future modelling will generate thermal and rheological models to give further insight into the crustal architecture of the region as well the causes of the localisation of deformation and seismicity.
